The influence of polyethylenimine (PEI) dosage on the dispersibility of precipitated calcium carbonate (PCC) particles was systematically investigated. The results for the zeta potential of PCC particles and the viscosity and turbidity of PCC suspension showed that charge reversal (negative to positive) of PCC particles occurred as the PEI concentration increased due to the specific adsorption of PEI onto the surface of the particles. Additionally, increasing the PEI concentration up to 5 mg/kg led to the reduction of the zeta potential of the PCC particles (almost neutral) and consequently a decrease in the particle stability, which was consistent with DerjaguinLandauVerweyOverbeek (DLVO) interaction calculation results. However, the stability of the PCC particles gradually improved when the PEI concentration > 5 mg/kg. The trend was attributed to the enhancement of the electrostatic repulsive force between two interacting particles at low PEI concentration range (5 to 10 mg/kg). On the other hand, at high PEI concentration range (>10 mg/kg), it was found that additional repulsive forces (i.e., non-DLVO force) occurred between PEI-adsorbed PCC particles due to steric hindrance, consequently resulting in the improvement in the stability of the PCC suspension when the PEI concentration > 10 mg/kg.
Introduction
Precipitated calcium carbonate (PCC) is an inorganic powder, and it is widely used in a variety of industrial products, such as plasticizers, rubbers, paints, and papers. 1, 2) For instance, PCC is used in the pulp industry to improve the optical and physical properties of paper sheets. 13) When PCC is used as a filler, the degree of the retention of the PCC in a paper sheet is considered to be one of the most important factors in terms of cost and physical properties of a paper sheet. 3, 4) The extent of the retention of the PCC is normally dependent on the dispersibility of the PCC suspension under certain environmental conditions. 3, 4) Hence, modifying the surface properties of PCC and understanding the corresponding dispersibility mechanisms are required to some extent to appropriately optimize and control the dispersibility of PCC suspension.
Dispersion and aggregation of inorganic particles (PCC in this study) can be commonly estimated by classic Derjaguin LandauVerweyOverbeek (DLVO) theory, 5, 6) which is determined by the sum of van der Waals 7) and electrostatic double layer forces. 8) However, many studies reported that the classic DLVO theory did not accurately predict the aggregation, dispersion and deposition behaviors between particleparticle or particle-surface when polymers are present in the system or coated onto the surface of particles.
913) Additionally, the type (e.g., attractive or repulsive) and the magnitude of forces induced by the presence of polymers are reported to be dependent on the polymer dosage, the surface coverage of particles by polymers, the length of polymer chain, etc.
1416) Specifically, other than the force induced from the electrical surface potential (i.e., electrostatic force), the additional forces exerted on two interacting particles coated with polymers could be broadly divided into two types: an attractive bridging force and a repulsive steric force, and the forces are highly system-and material-dependent. 12 ,1417) Thus, numerous studies have been conducted to investigate the role of such forces on the dispersion and aggregation of colloidal particles, and the forces have been extensively applied in industrial fields that needed to control the aggregation and dispersion of suspended particles. 1113, 18, 19) The purpose of this study is to understand the dispersion mechanism of a PCC suspension based on experimental observation and DLVO theory. For this purpose, polyethylenimine (PEI), a cationic polymer that is widely used in adhesives, dispersion stabilizers, thickeners, dyes and flocculating agents, 20, 21) was employed as a dispersing agent. The zeta potential of PCC particles and the viscosity and turbidity of the PCC suspension were measured to examine the stability of the PCC suspension, and DLVO interaction energy profiles were calculated to better understand the dispersibility behavior of PCC suspension.
Materials and Methods

Materials
PCC with greater than 99 mass% purity was employed to investigate the effect of polymers on particle stability. The specific surface area of PCC was determined by nitrogen gas adsorption using a NOVA 1000 analyzer (Quantachrome), and the value determined by the BrunauerEmmettTeller method was 13.5 m 2 /g. The average diameter of PCC was measured by laser diffraction using a particle size analyzer (SALD-2001, Shimadzu, Japan) and it was determined to be ca. 2.0 µm. PEI with a branched ethyleneimine radical, which dissociate to a positive ion in water and accordingly result in a positive charge for the whole high molecule, was used as a polymer dispersant (Lupasol-HF, BASF Co. Ltd., Germany). The average molecular weight of PEI used was reported by the company to be ca. 25000 Dalton. The PCC suspension was prepared by suspending 1 g of PCC particles in 100 g of de-ionized (DI) water, and then the prepared suspension was sonicated for 5 min. The temperature of the prepared suspension was maintained at 298.15 « 1 K via the thermostat. The concentration of PEI added to the suspension ranged from 0.1 to 10000 mg/kg of PEI per mass of particles.
Dispersibility tests for PCC suspension
In order to test the stability of the PCC suspension, the electrophoretic mobility of PCC particles, viscosity, and turbidity of the PCC suspension were evaluated. The electrophoretic mobility of the bare and polymer-coated PCC suspension was measured at pH 9.5, which is the pH value when the bare PCC suspension was prepared, using an ELS-Z (Otsuka Ltd., Japan), and the mobility values were converted to zeta potentials by the Smoluchowski equation. 22) The dispersion stability of the PCC suspension was determined at pH 9.5 by a sedimentation method. 17, 23) Specifically, the PCC suspension with different amounts of PEI was stirred and then poured into 1.3 © 10 ¹2 L cylindrical test tubes (Fisher Scientific). The stability of the PCC suspension with PEI was determined by measuring the turbidity of the PCC suspension directly in the vessel using a spectrophotometer (DP/2010, HACH Co.). For the viscosity measurement, a PCC suspension with 10 vol% solid loading was prepared and the pH of the suspension was adjusted to 9.5. The viscosity of the suspension was measured using a concentric cylinder rheometer (Brookfield Rheometer, RVDV-II+, Brookfield Engineering, Middleboro, MA).
Adsorption test
The amount of PEI adsorbed onto the PCC particles was determined by differentiating the amount of PEI after equilibrium from that of PEI, which was initially added to the PCC suspension. After equilibrium was reached, the suspension was centrifuged at ca. 314 rad/s for 30 min (Fisher accuSpin* 3R Centrifuge, Fisher Scientific), which was determined to be sufficient for the complete sedimentation of all the PCC particles. The supernatant was then decanted for the measurement of the PEI concentration. The concentration of PEI in the supernatant was determined using a UV-spectrophotometer (Cecil 3041, Cecil Co., Cambridge, UK) at a wavelength of 220 nm.
Calculation of interaction energy between PCCs
DLVO theory was used to calculate the total PCCPCC interaction energy as a function of separation distance and further interpret the dispersibility behavior for polymercoated PCCs. PCCPCC interaction was calculated based on the assumption of the PCCPCC interaction as spheresphere model.
The retarded van der Waals attractive interaction energy for a spheresphere (¯V DW-SS ) system was calculated using eq. (1).
Here a P1 and a P2 are the radii of two interacting PCCs, and h is the separation distance, is the characteristic wavelength (usually taken as 100 nm), A is the Hamaker constant. The subscripts 1 and 3 on A denote PCC and water, respectively. The A 131 value of 3.4 © 10 ¹19 J was adopted from Song et al.
24)
The electrostatic interaction energy for a spheresphere (¯E DL ) system was calculated from eq. (2).
Where n¨denotes the bulk number density of ions (N m ¹3 , where N is the number), k is the Boltzmann constant (J K ¹1 ), T the absolute temperature of the system (K), ¤ P1 and ¤ P2 are the reduced potentials (¤ = ze¼/kT) of two interacting PCC (dimensionless), ¼ P is the electric potential of the PCC (V), z is the ion valence (dimensionless), e the electron charge (C), ¾ 0 the permittivity of vacuum (C V ¹1 m ¹1 ), ¾ r the relative permittivity of water (dimensionless), and ¬ represents the DebyeHückel reciprocal length (m ¹1 ). The ¬ value can be determined by
Here n i0 and z i represent number concentration and valence of ion i in bulk solution, respectively. Figure 1 shows the change in the turbidity of the PCC suspension according to PEI concentration added into the suspension. Here, a higher turbidity value suggests that the settling rate of PCC particles in the suspension is lower and PEI Concentration (mg/kg) Turbidity (FTU) thus the dispersion stability of the PCC suspension is greater. Two opposite trends were observed from the results. In zone 1, the turbidity of the PCC suspension decreased with the PEI concentration; however, the turbidity increased with the PEI concentration in zone 2. The critical PEI concentration between zone 1 and 2 was determined to be 5 mg/kg, which is consistent with the PEI concentration where the zeta potential of PCC particles changed from negative to positive (Table 1 ). The decrease in the turbidity of the PCC suspension with PEI concentration is likely due to the decrease of the electrostatic repulsive force between particles by the less negative surface potential and the subsequent increase in aggregation and settling rates of the particles. 11, 14, 18, 23) On the other hand, the increase of the suspension turbidity in zone 2 may result from increasing electrostatic repulsive force between PCC particles (i.e., more positively charged when PEI concentration ² 5 mg/kg) by the adsorption of PEI onto the surface of particles. 11, 12, 17, 23) More quantitative explanation based on DLVO interaction energy calculation will be present in section 3.2.
Results and Discussion
Dispersion behavior of PCC suspension
In order to further confirm the dispersibility trend for PCC particles observed from turbidity tests, additional dispersibility tests were conducted by measuring the viscosity of PCC suspension with different PEI dosage. Figure 2 shows the rheological behavior of the PCC suspension with different amounts of PEI added into the suspension. Regardless of the PEI concentration added, the shear stress is linearly proportional to shear rate within the investigated concentration range of PEI, indicating that the rheological characteristic of the PCC suspension follows Newtonian behavior. 25, 26) The viscosity of the suspension (i.e., the ratio of shear stress and shear rate) increased up to a PEI concentration of 5 mg/kg and gradually decreased with PEI concentration. This trend is consistent with that for the zeta potential of PCC particles and the turbidity of the PCC suspension. Specifically, the maximum and minimum viscosity values were observed at the PEI concentrations of 5 and 10000 mg/kg, respectively (i.e., around 222 and 22 mPa·s for 5 and 10000 mg/kg, respectively), suggesting that the PCC suspension is more stable for the 10000 mg/kg PEI addition than the 5 mg/kg PEI addition. One interesting trend was observed for the viscosity results for 10 and 100 mg/kg PEI additions. The zeta potential results in Table 1 showed that there was only about a 5 mV increase (31 to 36 mV) when the amount of PEI added into the suspension changed from 10 to 100 mg/kg; however, the viscosity of the PCC suspension substantially decreased from around 200 to 32 mPa·s, suggesting an additional repulsive force by the adsorbed PEI onto the particles (potentially, steric repulsive force) as well as an electrostatic repulsive force due to the change in surface potential of the particles. The steric hindrance induced by the presence of the PEI will be further discussed in the next section.
Mechanism affecting the dispersibility of PCC suspension
The average zeta potential of the PCC particles was determined to be ¹9.1 mV. Since PEI is positively charged in water, the ionized PEI is expected to act as counter ions and the surface potential of the PCC particles in solution would gradually decrease with the amount of PEI added to the solution. In fact, it was observed that the zeta potential of the PCC particles became positive when the amount of PEI added was 5 mg/kg and increased up to ca. 36 mV for higher PEI dosage (Table 1 ). The charge reversal phenomenon for PCC particles with PEI concentration suggests that the specific adsorption of PEI onto the surfaces of PCC particles likely occurred. 17, 25, 27) The overall results from the zeta potential of the PCC particles and the turbidity and viscosity of the PCC suspension showed that the aggregation of PCC particles was enhanced up to the PEI concentration of 5 mg/kg due to the decrease in the zeta potential of PCC particles via the adsorption of PEI onto the surface of particles; however, when the PEI concentration was greater than 5 mg/kg, the stability of the PCC suspension was gradually improved up to 1000 mg/kg and no noticeable change in stability was observed above 1000 mg/kg. The improved stability of the Values converted from measured electrophoretic mobility based on the Smoluchowski equation.
23) *2
Values calculated determined from the DLVO interaction energy profiles in Fig. 3 .
*3
Values determined at an equilibrium. PCC suspension is likely due to the coupled effect of electrostatic repulsion and steric hindrance. 12, 15, 17) In order to further understand the contribution of the steric hindrance on the stability of the PCC suspension, the adsorption capacity of PCC particles at different PEI concentrations were determined and the results are presented in Table 1 . As the PEI concentration increased, the adsorption capacity also increased and reached a plateau at approximately 1000 mg/kg. Specifically, the adsorption capacity was determined to be 8, 89, 146 and 148 mg/kg for PEI concentrations of 10, 100, 1000 and 10000 mg/kg, respectively. Interestingly, the adsorption capacity of the PCC particles substantially increased when the PEI concentration changed from 10 to 100 mg/kg; however, the zeta potential of the PCC particles did not (Table 1) . Specifically, the zeta potential of PCC particles substantially changed up to a PEI concentration of 10 mg/kg (Table 1) and reached a plateau above 10 mg/kg; however, the adsorption capacity increased up to a PEI concentration of 1000 mg/kg.
In order to more quantitatively understand the dispersion stability of PCC particles with different PEI dosage, the interaction profiles between two interacting PCC particles were calculated and the results are presented in Fig. 3 and Table 1 . Sizable energy barrier (72 kT) was observed for bare PCC particles, and the energy barrier gradually decreased with increasing PEI dosage up to 5 mg/kg where no energy barrier existed. The trend for the interaction energy profiles for PCC particles with PEI dosage is consistent with the dispersibility trend for PCC particles observed from viscosity and turbidity measurements (Figs. 1 and 2 ), suggesting that DLVO forces govern the dispersion stability for PCC particles. When the PEI concentration added was ²10 mg/kg, huge energy barrier existed between two interacting particles (i.e., 1167, 1608 and 1637 kT for 10, 100 and 1000 mg/kg PEI concentration, respectively). These results are consistent with the dispersibility trend for viscosity and turbidity tests (Figs. 1 and 2) . Specifically, the turbidity values for the PCC suspension when the PEI concentration ² 10 mg/kg were much greater than that for the suspension with 5 mg/kg PEI concentration (Fig. 1) . Similar with the trend for the turbidity, the viscosity of the PCC suspension with 10 mg/kg or greater PEI dosage was lower than that with 5 mg/kg (Fig. 2) . However, close inspection of the viscosity data suggests that there is a discrepancy between the DLVO prediction and the dispersion stability of PCC particles. Specifically, the viscosity of PCC suspension substantially decreased when the PEI dosage changed from 10 to 100 mg/kg (Fig. 2) while the DLVO prediction suggests that both conditions (i.e., 10 and 100 mg/kg PEI dosage) are highly unfavorable for the interaction (i.e., aggregation) between two particles (i.e., 1167 and 1608 kT for 10 and 100 mg/kg PEI dosage, respectively). This suggests that an additional repulsive force, which is likely steric repulsive force driven by surface adsorbed polymers, act on PCC particles. 11, 12, 19) Hence, the result for the DLVO interaction energy calculation between PCC particles according to the PEI dosage (Fig. 3) along with the zeta potentials of the PCC particles (Table 1 ) and the adsorption capacity of PEI onto the surface of PCC particles (Table 1) suggests that the repulsive force between the PEI-adsorbed particles due to steric hindrance played an important role in improving the stability of the PCC suspension in the high concentration range of PEI (>10 mg/kg).
Conclusions
In this study, the influence of a cationic polymer (i.e., PEI) on the dispersion stability of PCC particles was investigated via turbidity, viscosity, and zeta potential measurements and DLVO interaction energy calculation. Overall, experimental results indicate that the stability of the PCC suspension decreased up to the PEI concentration of 5 mg/kg due to the reduction of the surface charge of the PCC particles via charge neutralization (i.e., the decrease in repulsive electrostatic interaction) (Figs. 4(a) and 4(b) ), which is consistent with DLVO interaction energy calculation results. At the intermediate PEI concentration (i.e., 510 mg/kg), the enhanced repulsive electrostatic interactions between PCC particles likely dominantly contribute to the improved stability of the PCC suspension (Fig. 4(c) ), which is also Separation Distance, h/nm Interaction Energy, V/kT Separation Distance, h/nm Interaction Energy, V/kT supported by the change of energy barrier in the DLVO prediction. On the other hand, DLVO interaction energy profiles could not explain the change in the dispersibility of PCC suspension when the PEI concentration added into the suspension was greater than 10 mg/kg, suggesting that repulsive non-DLVO force due to steric hindrance was likely the main mechanism in the further improvement of the stability of the PCC suspension (Fig. 4(d) ). Findings from this study suggest that the surface modification of PCC and the dispersion stability of the PCC suspension can be effectively controlled by adjusting the PEI concentration that is added into the suspension. 
